Citrus is a large genus that includes several major cultivated species, including C. sinensis (sweet orange), Citrus reticulata (tangerine and mandarin), Citrus limon (lemon), Citrus grandis (pummelo) and Citrus paradisi (grapefruit). In 2009, the global citrus acreage was 9 million hectares and citrus production was 122.3 million tons (FAO statistics, see URLs), which is the top ranked among all the fruit crops. Among the 10.9 million tons (valued at $9.3 billion) of citrus products traded in 2009, sweet orange accounted for approximately 60% of citrus production for both fresh fruit and processed juice consumption (FAO statistics, see URLs). Moreover, citrus fruits and juice are the prime human source of vitamin C, an important component of human nutrition.
Citrus is a large genus that includes several major cultivated species, including C. sinensis (sweet orange), Citrus reticulata (tangerine and mandarin), Citrus limon (lemon), Citrus grandis (pummelo) and Citrus paradisi (grapefruit). In 2009, the global citrus acreage was 9 million hectares and citrus production was 122.3 million tons (FAO statistics, see URLs), which is the top ranked among all the fruit crops. Among the 10.9 million tons (valued at $9.3 billion) of citrus products traded in 2009, sweet orange accounted for approximately 60% of citrus production for both fresh fruit and processed juice consumption (FAO statistics, see URLs). Moreover, citrus fruits and juice are the prime human source of vitamin C, an important component of human nutrition.
Citrus fruits also have some unique botanical features, such as nucellar embryony (nucellus cells can develop into apomictic embryos that are genetically identical to mother plant). Consequently, somatic embryos grow much more vigorously than the zygotic embryos in seeds such that seedlings are essentially clones of the maternal parent. Such citrus-unique characteristics have hindered the study of citrus genetics and breeding improvement 1, 2 . Complete genome sequences would provide valuable genetic resources for improving citrus crops.
Citrus is believed to be native to southeast Asia [3] [4] [5] , and cultivation of fruit crops occurred at least 4,000 years ago 3, 6 . The genetic origin of the sweet orange is not clear, although there are some speculations that sweet orange might be derived from interspecific hybridization of some primitive citrus species 7, 8 . Citrus is also in the order Sapindales, a sister order to the Brassicales in the Malvidae, making it valuable for comparative genomics studies with the model plant Arabidopsis.
We aimed to sequence the genome of Valencia sweet orange (C. sinensis cv. Valencia), one of the most important sweet orange varieties cultivated worldwide and grown primarily for orange juice production. Normal sweet oranges are diploids, with nine pairs of chromosomes and an estimated genome size of ~367 Mb 9 . To reduce the complexity of the sequenced genome, we obtained a doublehaploid (dihaploid) line derived from the anther culture of Valencia sweet orange 10 . We first generated whole-genome shotgun pairedend-tag sequence reads from the dihaploid genomic DNA and built a de novo assembly as the citrus reference genome; we then produced shotgun sequencing reads from the parental diploid DNA and mapped the sequences to the haploid reference genome to obtain the complete genome information for Valencia sweet orange. In addition, we conducted comprehensive transcriptome sequencing analyses for four representative tissues using shotgun RNA sequencing (RNA-Seq) to capture all transcribed sequences and paired-end-tag RNA sequencing (RNA-PET) to demarcate the 5′ and 3′ ends of all transcripts. On the basis of the DNA and RNA sequencing data, we characterized the orange genome for its gene content, heterozygosity and evolutionary features. The genome and transcriptome analyses presented in this study yield new insights into the origin of sweet orange and the genomic basis of vitamin C metabolism and provide a rich resource of genetic information for citrus breeding and genetic improvement.
A r t i c l e s

RESULTS
Genome sequencing and assembly
From the dihaploid DNA of sweet orange (Supplementary Fig. 1 ), we generated 785 million high quality paired-end-tag sequencing reads (2 × 100 bp) from various DNA fragment sizes (~300 bp, 2 kb, 10 kb and 20 kb) using the Illumina GAII sequencer, representing 214-fold base-pair coverage and 4,889-fold physical coverage of the estimated citrus genome (Supplementary Table 1 ). The sequence reads were assembled by SOAPdenovo 11 and Opera 12 , resulting in 16,890 assembled sequence contigs (N50, 49.89 kb) and 4,811 scaffolds (N50, 1.69 Mb) ( Table 1 ). The total contig sequence length (320.5 Mb) covers 87.3% of the estimated sweet orange genome, and more than 80% of the genome assembly is in 135 scaffolds that are larger than 713 kb and up to 8.2 Mb. To evaluate the accuracy of the citrus genome assembly, we assessed the quality of the scaffolds by BAC clone analysis, alignment to the established citrus genetic linkage map and cytogenetic analysis.
A BAC clone library of sweet orange has previously been constructed and characterized 13 , and the estimated size range of BAC clone inserts was 120 kb. We picked individual clones for BAC-end capillary sequencing. Of the 735 pairs of BAC-end sequence reads in which both ends of a pair were mapped within the same contig, the average distance was 125,875 ± 26,788 bp (s.d.). This is consistent with the previously estimated length of BAC clones 13 , suggesting the correctness of the contig assembly. To further evaluate the accuracy of the assembly on a local scale, we analyzed seven complete BAC sequences of sweet orange that are available in GenBank and also anchored in the sweet orange genetic map. The alignments between these BAC sequences and the citrus genome assembly showed an overall identity of 97.6% ( Supplementary Fig. 2 and Supplementary  Table 2 ). Together, the BAC clone sequencing analyses validated that the assembly is of high quality.
We then asked whether the assembly of the genome sequences matches well with the established sweet orange genetic linkage map 14 . We mapped the scaffolds to 768 markers with known sequences in the genetic linkage groups, and 160 scaffolds (each >10 kb) were anchored, accounting for 239 Mb of the assembled citrus genome (Supplementary Table 3 ). Furthermore, 83 scaffolds that accounted for the majority of the length of the anchored scaffolds (178.7 Mb, or 75% of total anchored scaffolds) were in matched orientation within the genetic map (Supplementary Note), suggesting high alignment accordance between the anchored genetic markers and the sequence scaffolds. The discordance in alignment could reflect technical accuracy, such as insufficient marker density, genotyping errors or individual variations between the sequenced genome (Valencia sweet orange) and the genetic map that was based on three crosses between three sweet orange cultivars 14 . Valencia orange is known to have chromosome rearrangements relative to seedy sweet oranges 15 . Combining the assembled genome sequences and the genetic linkage groups, we constructed the pseudomolecules for each of the nine chromosomes and ordered them on the basis of genetic length (Fig. 1) .
We then took some cytological markers, including two ribosomal genes (45S and 5S) and a tandem repeat sequence (107 bp), for FISH analyses to further validate the accordance of the assembled citrus genome sequences. The cytologically marked chromosomes showed tentative consistence with the genomically defined pseudochromosomes (Supplementary Table 4) . For example, pseudochromosomes 1 and 8, bearing the 45S region at proximal locations, correspond to two type-B chromosomes, with one in the fragile site ( Supplementary  Fig. 3) ; pseudochromosome 6, with the mapped scaffolds containing 45S and 5S ribosomal DNA sequences at distal regions, corresponds to the type-D chromosome with a fragile site; and chromosome 7 contains a large number of copies of the 107-bp tandem repeat sequence at two distal locations, which corresponds to the type-C chromosome (Supplementary Fig. 3 ). Collectively, our cytological experiments provided sequence-matched evidence for chromosomes 1, 6, 7 and 8. Additional cytological evidence is needed for other chromosomes.
Genome characterization
Most plant genomes are featured with highly repetitive regions with transposable elements and unique gene-coding regions. We analyzed the citrus genome in these two aspects to reveal the basic structural and functional features of the genome.
Transposable elements are major components of plant genomes and important contributors to genome evolution. However, very few transposable elements have previously been identified in Citrus. To analyze the transposable elements of the orange genome, we first constructed a custom digital transposable element library using ab initio, homology-and structure-based transposable element prediction tools and then applied this dataset to annotate the citrus reference genome. Such analysis led to the identification of 61.7 Mb of sequence in the assembled contigs, accounting for 20.5% of the C. sinensis genome (Supplementary Table 5 ). This level of repetitiveness is similar to those of Arabidopsis 16 and rice 17 , suggesting that sweet orange has a relatively compact genome.
Class I long terminal repeat retrotransposons occupy over 89% of the transposable elements, consisting of 198 Copia families and 130 Gypsy families. Similar to other compact genomes such as those of Arabidopsis 18 and rice 19 , the intact elements in each family have less than 250 members, whereas more than 90% of long terminal repeat retrotransposon families contain only one to five full-length elements. Estimation of insertion time indicated that more than 80% of the intact elements were amplified within the last 2 million years, and 10% are younger than 50,000 years (Supplementary Table 6 ). In contrast, class II DNA transposons only comprised ~11% of the transposable elements, similar to in the apple 20 and papaya 21 genomes. Among the class II DNA transposons, miniature inverted-repeat transposable elements (MITEs) occupied 67% of the sequence. Notably, we identified a new type of MITE, named MiM (MITE inserted in microsatellite), in the citrus genome (Supplementary Table 5 ).
To annotate the citrus genome for protein-coding genes, we used a comprehensive strategy that combined ab initio gene predictions, Fig. 4 ). We used four ab initio gene-finding programs (Fgenesh, GeneID, Genscan and GlimmerHMM) on the repeat-masked genome sequences. In addition, we collected 917,610 proteins from the UniProt database 22 and 958,121 Citrus EST reads from GenBank and generated 964.6 million RNA-Seq reads from four citrus tissues (callus, leaf, flower and fruit) (Supplementary Table 1 ). In total, we identified 29,445 protein-coding loci (gene models) with 44,387 transcripts ( Fig. 2 and Supplementary Table 7) , and 23,421 gene models were allocated in nine pseudochromosomes. The gene transcripts have an average length of 1,817 bp, a mean coding sequence size of 1,255 bp and an average of 5.8 exons per gene. The RNA-Seq and EST data suggested that 26% of the gene models (7,640 gene loci) encoded two or more transcript isoforms (Supplementary Fig. 5a ). Overall, 85% of the gene models contain multiple exons ( Supplementary Fig. 5b ), and 99% of the predicted coding sequences and 80% of the splice junction sites were supported by the RNA-Seq data ( Fig. 2b and Supplementary  Table 7) , showing the high accuracy of gene annotation in the orange genome. We evaluated and corrected all predicted gene models using the RNA-PET sequencing data (which is complementary to the RNASeq data) for demarcating the gene boundaries ( Supplementary  Fig. 6 ). We generated approximately 100 million RNA-PETs from four tissues (callus, leaf, flower and fruit) and used them for mapping, clustering and annotation of the genome (Supplementary Table 1) , confirming 70% of the 5′ and 3′ boundaries of the gene transcripts ( Fig. 2c and Supplementary Table 8) . Notably, we identified 967 transcripts for 744 putative gene models solely on the basis of the combined RNA-Seq and RNA-PET data (Supplementary Table 9 and Supplementary Fig. 7 ), representing a collection of potentially new and citrus-specific genes. In addition, we identified a total of 181 ribosomal RNAs, 451 transfer RNA, 39 small nucleolar RNAs and 104 small nuclear RNAs in the citrus genome (Supplementary Note).
We also identified 40 conserved microRNA (miRNA) families with 227 members in the orange genome on the basis of previous small RNA sequencing data 23 ( Supplementary Table 10 ), and most of the miRNA genes are distributed evenly across the genome, with several small clusters ( Supplementary Fig. 8 ).
To better understand citrus-specific biology, we identified citrusspecific genes. We performed comparative analyses of the orange genome against 21 other plant genomes and screened them by EST and peptide sequences in the public database (Supplementary Note). Of the 29,445 protein-coding genes in the orange genome, 23,804 were grouped into 14,348 gene families, with 1,691 genes being specific to citrus (Supplementary Fig. 9 ). Most (96%) of the citrusspecific genes are 'hypothetical' and have unknown function. Of the 58 annotated genes, the over-represented protein domains are the zinc finger transcription factor domain and the nucleotide-binding-site and leucine-rich-repeat (NBS-LRR) domain, which contain potential disease-resistance genes (Supplementary Table 11 ).
Heterozygosity and hybrid origin of sweet orange
Heterozygosity is a common feature in most eukaryotic organisms and has important biological functions in crops. Although citrus trees are generally perceived to have highly heterozygous traits 2 , the amount of heterozygosity in the whole genome is not clear. Sequencing of the haploid and diploid genomes provided the genomic data (Supplementary Table 12 ) for us to comprehensively assess the heterozygosity of sweet orange. From the diploid genome sequencing data, we identified 1.06 million SNPs and 176,953 small insertions/deletions (indels). More than 80% of the SNPs and indels were anchored on the nine pseudochromosomes. The overall polymorphism density is 3.6 SNPs and 0.6 indels per kb in the genome (Supplementary Table 13 ). Approximately one-third of the SNPs were located in genic regions (Supplementary Table 14) , and 16,843 gene loci (72%) contained at least one SNP (Supplementary Fig. 10) . Considering a 0.52% error LG7
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LG9 Scaffold npg A r t i c l e s rate in detecting SNPs (Supplementary Note), we set up a stringent criterion of five or more SNPs per gene to reliably call variant alleles; using this criterion, 12,297 gene loci (53%) were considered to harbor variant alleles (Supplementary Table 15 ). This observation suggests a notably high heterozygosity rate in the gene loci.
To verify this observation, we genotyped 307 simple sequence repeat (SSR) markers on the dihaploid and parental diploid of sweet orange and identified 155 (50%) SSR loci in a heterozygous state ( Fig. 3a and Supplementary Table 16 ), which is similar to the heterozygosity rate in the protein-coding gene loci found by SNP analysis. Moreover, chromosome karyotyping analysis showed that 6 of the 18 chromosomes have no clear counterpart in the parental diploid, whereas the chromosomes were easily grouped into nine pairs in the dihaploid line (Fig. 3b) , further supporting the observation that the diploid genome of sweet orange is highly heterozygous.
We thus investigated the speculated hybrid origin of sweet orange from pummelo (C. grandis) and mandarin (C. reticulata) 7, 8 , which are two primitive species of Citrus. To measure the possible genetic contribution to sweet orange from pummelo and mandarin, we surveyed the genotype of sweet orange, two pummelo cultivars and two mandarin cultivars using sweet orange-derived SSR markers and identified 202 polymorphic markers, 55 of which are pummelo hereditary and 147 of which are mandarin hereditary ( Fig. 3c and Supplementary Table 16 ). It is remarkable that the numbers of pummelo-hereditary markers and mandarin-hereditary markers (55 and 147, respectively) fit well with a 1:3 ratio (χ 2 = 0.54 < χ 2 0.95 (2-1) = 3.84), indicating an interesting genetic relationship between sweet orange, pummelo and mandarin.
To comprehensively verify the genome composition of sweet orange inferred from SSR markers, we extended our analysis using highdensity SNP makers. For this purpose, we generated whole-genome shotgun short sequence reads for three pummelo cultivars and three mandarin cultivars, each at more than 30-fold coverage of the citrus genome (Supplementary Table 12) ; we then mapped the sequences to the haploid orange reference genome and identified 475,450 SNPs common in three individual pummelos and 308,837 SNPs common in three individual mandarins (Supplementary Table 17) . Using a 100-kb genomic window, we calculated the SNP density preference for pummelo or mandarin and then determined the hereditary origin (Supplementary Note), which allowed us to assign 39.7 Mb of the sweet orange genome from pummelo and 118.2 Mb from mandarin, which approximately fits a ratio of 1:3 in the genomic contributions from pummelo and mandarin ( Fig. 3d and Supplementary Fig. 11) , consistent with the SSR analysis results.
On the basis of the high heterozygosity rate (50%), the 1:3 ratio of pummelo and mandarin genetic input and the evidence that the chloroplast of sweet orange is probably derived from pummelo 7 (Supplementary Fig. 12 ), we hypothesized that sweet orange originated from an interspecific hybridization with pummelo as the female parent and mandarin as the male parent followed by a backcross with a male mandarin (sweet orange = (pummelo × mandarin) × mandarin) (Fig. 3e) .
Genome evolution
Characterization and annotation of the citrus genome provided the basic features for us to further investigate the evolutionary history of sweet oranges. Most plant species have gone through whole-genome duplication (WGD) during evolution 24 . The size and frequency of paralogous gene families accumulated in each genome serves as a record for such evolutionary process. Self-alignment of the citrus genome sequences on the basis of the 23,421 gene models located in the nine pseudochromosomes identified 1,296 paralogous gene groups (Fig. 4a) . The mean synonymous substitution rates (K s ) in the duplicated genes (K s = 1.27) suggested that an ancient WGD occurred in citrus ( Fig. 4b and Supplementary Fig. 13 ). Furthermore, we analyzed intergenome collinearity between orange and cacao 25 , Arabidopsis 16 , apple 20 , strawberry 26 and grape 27 genomes and identified orange orthologous genes in syntenic blocks with respect to each of these genomes (Supplementary Table 18) . A one-to-one orthologous relationship was predominant for the orange-to-cacao, orangeto-grape and orange-to-strawberry comparisons, indicating that there were no recent WGDs except the shared ancient triplication, called the γ event, which was shared by all core eudicots 24 . In contrast, we found an approximately one-to-two orthologous relationship for the orange-to-apple comparison and a one-to-four relationship for the npg orange-to-Arabidopsis comparison, supporting that an additional one and two rounds of recent WGD occurred in apple and Arabidopsis, respectively ( Fig. 4c and Supplementary Fig. 14) . Furthermore, on the basis of cross-species synteny block boundaries, we estimated that at least 49 events of chromosome translocations and fusions occurred in the nine citrus chromosomes evolved from chromosomes of a proposed paleohexaploid ancestor that is common to all sequenced eudicot genomes 28 . It is noteworthy that citrus pseudochromosome 4 had only one chromosome translation and fusion event, whereas other pseudochromosomes underwent multiple (3-12) interchromosome fusions during their evolutionary history (Supplementary Fig. 15 ). This whole-genome sequence also provides comprehensive information for phylogenetic analysis. We applied the maximum likelihood method for genome-scale phylogenic analysis using 103 shared singlecopy nuclear genes from orange, Arabidopsis 16 , cacao 25 , poplar 29 , grape 27 , apple 20 , strawberry 26 , papaya 21 and castor bean 30 (Fig. 4d and Supplementary Note). The phylogenetic tree showed that Citrus is phylogenetically closer to cacao, Arabidopsis and papaya, although it is ancient compared to them in the Malvidae, and is estimated to have diverged from Malvales 85 million years ago. Thus, our analysis provides new information on the phylogeny of citrus and other plant species on the basis of genome-scale data.
Genes specially involved in citrus fruit biology
Fruit biology is an interesting topic for citrus not only because citrus fruits are an important nutrition source for humans but also because they involve 
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A r t i c l e s unique metabolic pathways. This citrus reference genome provides a comprehensive genomic framework of genes to help address citrus fruit biology. A clear strategy is to identify genes specifically expressed in fruit tissues. We compared the RNA-Seq data derived from callus, leaf, flower and fruit and identified 2,697 (9.2%) genes that were significantly upregulated (P < 0.01) in fruits (Supplementary Table 19 ). Gene Ontology analysis of upregulated genes in citrus fruits revealed that genes for oxidoreductase, oxidation reduction and vitamin binding were over-represented (Supplementary Table 20) . Fruit ripening is an important biological feature and has tremendous economical value. Genes involved in ripening have been well studied in tomato 31 . Of the 16 tomato ripening genes, we found that only 3 (ETR3 (also known as NR), MADS-RIN and BP0353 (also known as PHYF)) are differentially expressed in orange fruits, whereas the majority (13) are not (Supplementary Table 21) , possibly reflecting the existence of two distinct ripening mechanisms for the climacteric (tomato) and nonclimacteric (orange) fruits. Notably, MADS-RIN, a transcription factor previously shown to be necessary for the normal development and ripening of both tomato 32 (climacteric) and strawberry 33 (nonclimacteric), is highly upregulated in orange fruits (Supplementary Table 21) , providing further support for the notion that MADS-RIN may function as a key-ripening regulator with broad impacts in both climacteric and nonclimacteric fruit ripening.
We were specifically interested in the biosynthesis of vitamin C (l-ascorbic acid (AsA), a strong antioxidant agent), as orange fruits are known to be rich in this vitamin. We analyzed the gene transcription of key enzymes involved in four known biosynthesis branch pathways upstream of AsA 34, 35 (Supplementary Fig. 16 ) and found that many of these genes are upregulated specifically in fruit. Remarkably, all three genes for the enzymes (PG, PME and GalUR) involved in the Among the 59 syntenic blocks between sweet orange chromosome 9 and the Arabidopsis chromosomes, 22 (37%) show primary correspondence to four Arabidopsis blocks, 10 to three blocks, 24 to two blocks and 3 to one block; among the 79 syntenic blocks between sweet orange chromosome 9 and the apple chromosomes, 48 (61%) show primary correspondence to two Arabidopsis blocks, 20 to three blocks, 6 to four blocks and 2 to one block. Therefore, on the basis of these percentages, one-to-four and one-to-two relationships were determined to be the most probable for the orange-to-Arabidopsis and orange-to-apple comparisons, respectively. (d) Citrus phylogeny on the basis of 103 single-copy genes shared between Arabidopsis, cacao, poplar, grape, apple, strawberry, papaya and castor bean from nuclear genome data. MYA, million years ago.
npg galacturonate pathway branch were substantially upregulated (Fig. 5a) , of which the gene encoding d-galacturonic acid reductase (GalUR) is the rate-limiting step in this pathway 36 . Coincidentally, we identified 18 GalUR paralogous genes in the citrus genome (Supplementary Table 23 ). Further evolutionary analysis using the four closely related plant species within the Malvidae clade (orange, cacao, papaya and Arabidopsis) revealed two clusters (one with four genes and the other with seven genes) of recent GalUR gene expansion in the citrus genome, probably by tandem duplication (Fig. 5b) . Notably, these two clusters also showed an expansion mode in papaya, another tree crop with high vitamin C content in its fruit. Noticeably, orange GalUR genes within these two clusters showed diverse expression patterns across different developmental stages. One of them (GalUR-12) was significantly upregulated in fruit (P = 5 × 10 −7 ), whereas the other three members in the same cluster did not show a similar expression pattern (Fig. 5a,b) , indicating diversification of gene transcription regulation in AsA biosynthesis. GalUR-12 shares high sequence identity (E value < 10 −106 ) and shows a close phylogenetic relationship (Supplementary Fig. 17 ) with the strawberry GalUR gene, which has been further tested for specific vitamin C production 36 . Collectively, our data indicate that the galacturonate pathway is highly upregulated in orange fruit and GalUR may be the most important contributor to AsA accumulation in orange fruit.
DISCUSSION
We sequenced the sweet orange genome using a two-step approach: first, we sequenced and assembled a dihaploid genome, and second, we mapped the parental diploid genomic DNA sequence reads to the haploid reference genome to complete the construction of the heterozygous genome map. The availability of the sweet orange genome sequence provides a valuable genomic resource for citrus genetics and breeding improvement. The sequence of sweet orange, as a member of the Rutaceae family and the Sapindales, also provides a valuable reference for plant genome evolutionary analyses. Our genome analysis indicated that there was only an ancient (γ) triplication event and no recent WGD events in the orange genome, which partially explains the small size of the citrus genome.
Phylogenetic analysis indicated that citrus is rather ancient, evolutionarily close to cacao and estimated to have diverged 85 million years ago from Malvales. An infrequent reproductive cycle in some taxa because of apomixis, male and/or female sterility, long juvenility and vegetative propagation may contribute to the restriction of genome expansion and evolution.
Heterozygosity is of great interest in crop plants. Hybridization causing a high degree of heterozygosity could create hybrid vigor known as heterosis 37 . The remarkably high degree of heterozygosity in the genome of cultivar Valencia sweet orange (C. sinensis cv. Valencia), as evidenced in our genomic and cytological analyses, hinted that sweet orange is an interspecific hybrid between pummelo and mandarin. On the basis of the collective evidence, we reconstructed the scenario regarding the ancient primary events of the origin of sweet orange: female pummelo crossed with male mandarin to create the initial interspecific hybrid that was further crossed again with male mandarin to produce sweet orange. This event might have happened at least 2,300 years ago, or much earlier, as sweet orange was recorded in Chinese literature as long ago as 314 BC 3, 38 . Although additional genetic changes might have occurred afterward, it is still remarkable that this ancient hybrid genotype seems to be preserved in today's sweet orange, probably because of its strict nature of asexual reproduction (apomixis through nucellar embryo) and manmade selection and propagation by grafting. This scenario explains why most of today's sweet orange cultivars are genetically one biotype and highly heterozygous, with diversification occurring mostly through somatic mutations 7, 39, 40 .
Characterization of the citrus genome for protein-coding genes and comparative genomic analysis with other plant genomes, as well as transcriptome analyses, have yielded several insights into citrus-specific genes, particularly those that are involved in fruit biology and metabolic pathways. Our analysis suggests that the rate-limiting enzyme npg GalUR 36 in the galacturonate pathway could be an important contributor to the high vitamin C accumulation in citrus fruit, and the recent expansion of the GalUR gene family in the citrus genome may suggest a genomic basis for regulating vitamin C production. The availability of the orange genome and deep mining of orangespecific genes with known or unknown biochemical functions will facilitate a better understanding of many economically and agronomically important traits, including fruit color, flavor, sugar, organic acid and disease resistance in years to come. Future comparison of this sweet orange genome with the recently released high-quality clementine mandarin genome assembly draft (see URLs) should provide new insights into citrus biological and evolutionary questions.
URLs. Food and Agriculture Organization of the United Nations (FAO statistics), http://faostat.fao.org/default.aspx; clementine mandarin genome assembly, http://www.phytozome.net/clementine.php; sweet orange genome website, http://citrus.hzau.edu.cn/orange.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. Genome assembly data has been deposited at DDBJ/EMBL/GenBank under the accession AJPS00000000 and the BioProject ID PRJNA86123. The version described in this paper is the first version, AJPS01000000. DNA sequence data, assembly, annotation and the browser of the sweet orange genome are available through our website at http://citrus.hzau.edu.cn/orange.
